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In recent years an increasing number of multiresistant pathogens have been observed in chemotherapy and in the medical treatment of bacterial infections. Strains of methicillin resistant gram-positive Enterococcus and Staphylococcus strains that are also resistant or intermediately resistant to the glycopeptide antibiotic vancomycin have been described (29) . Therefore, the development of new and potent antibiotics is a real necessity. In a screen for new antibiotics with activities against multiresistant gram-positive bacteria, a group of eight lipopeptides was isolated from the rare actinomycete Actinoplanes friuliensis (2) . The target of the antibiotics is bacterial cell wall synthesis, which is probably inhibited by an antibioticmediated complexation of the carrier bactoprenylphosphate (H. Decker, personal communication).
Elucidation of the structure of the antibiotic revealed that all lipopeptides possess an identical macrocyclic peptide as the central element. It is N-terminally linked via diamino butyric acid either to an acylated asparagine or aspartic acid residue ( Fig. 1) (56) . Whereas the structures of four lipopeptides (A 1437A, A 1437B, A1437E, and A 1437G) are identical to those of known peptide antibiotics such as amphomycin, tsushimycin, and aspartomycin, the other four lipopeptides represent a new class of antibiotics called friulimicins A to D (56) .
In addition to proteinogenic amino acids, the peptide core of friulimicin is characterized by the existence of the unusual amino acids diamino butyric acid, pipecolinic acid, and methylaspartic acid (L-threo-␤-methylaspartic acid) (56) . Methylaspartic acid is normally found as an intermediate of the mesaconate pathway for (S)-glutamate fermentation in Clostridium spp. (7) and in members of the family Enterobacteriaceae (19) . It is produced by the reversible rearrangement of L-glutamate, which is catalyzed by the adenosylcobamide (coenzyme B 12 )-dependent enzyme glutamate mutase. The investigation of the glutamate mutase in Clostridium cochlearium (16) has revealed that the active enzyme consists of two subunits (GlmS and GlmE) that form a GlmS 2 GlmE 2 tetramer whose assembly is mediated by coenzyme B 12 . The smaller protein component, GlmS, has been identified to be the coenzyme B 12 -binding subunit (16) .
In addition to glutamate fermentation, a glutamate mutaselike reaction was found in the biosynthesis of the peptidyl nucleoside antibiotic nikkomycin in Streptomyces tendae Tü901 (24) . It was speculated that the corresponding glutamate mutase-like proteins NikU and NikV catalyze the isomerization of 2-ketoglutaric acid to 2-keto-3-methylsuccinic acid ( Fig. 2 ) (24) .
In this paper, we describe the isolation of the glutamate mutase genes glmA and glmB as part of the biosynthetic gene cluster of friulimicin. The involvement of these genes in antibiotic biosynthesis was verified by gene disruption mutagenesis and by heterologous expression studies in Streptomyces lividans.
mediated transformation of protoplasts, as described by Hopwood et al. (17) . Transformation of E. coli was performed by the CaCl 2 method described by Sambrook et al. (44) . E. coli XL1 Blue was used for standard cloning experiments.
FIG. 1. Chemical structure of the lipopeptide antibiotic friulimicin B from
A. friuliensis. The positions of the amino acid residues are marked by numbers. Dab, diamon butyrate; Pip, pipecolinic acid; Asn, asparagine; Asp, aspartate; Gly, glycine; Val, valine, Pro, proline. The unusual amino acid methylaspartate (MeAsp) is marked by a grey box.
usage program described elsewhere (6, 51) . The programs BLAST (1), CLUSTAL W (53), Genedoc (33) , and Treeview (36) were used for homology searches, multiple-sequence alignments, and construction of a phylogenetic tree.
Isolation of peptide synthetase genes by PCR. In order to identify the peptide synthetase genes involved in the synthesis of friulimicin, a PCR approach was carried out with primers derived from conserved core motifs of peptide synthetases (26) : primers oligo2 (TTC ACS TCS GGS TCS ACS GGS; core motif 2, FTSGSTG), oligo5 (ATC GAG CTS GGS GAG ATC GAG; core motif 5, IELGEIE), and oligo6 (SGA GTG SCC SCC SAG CTC GAA; core motif 6, FELGGHS). The following reaction mixture was used: 1 g of chromosomal DNA from A. friuliensis, 1.0 M each primer (oligo2-oligo6 and oligo5-oligo6), 10 l of 10ϫ reaction buffer (with 15 mM MgCl 2 ), 5% dimethyl sulfoxide (DMSO), 0.2 mM deoxynucleoside triphosphates, and 0.5 l of Taq polymerase (Qiagen, Hilden, Germany). After denaturation (3 min, 94°C), 25 cycles of amplification (1 min at 94°C for denaturation, 1.5 min at 55°C for annealing, 2 min at 72°C for amplification) were performed in a PTC100 thermocycler from MJ Research, Inc. (Watertown, Mass.). The PCR products were electrophoretically separated in a 1% agarose gel, isolated by gel elution (Qiaquick; Qiagen), and directly used for cloning.
To identify peptide synthetase genes in cosmid pools or cosmid clones, the same PCR approach was carried out but with 0.1 g of DNA used as the template.
Isolation of glmA and glmB by PCR. glmA and glmB were separately isolated by PCR with pOP7 as the template. pOP7 contains a 4.9-kb BamHI fragment of the cluster carrying glmA and glmB. The following reaction mixture was used: 0.5 g of pOP7 as the template, 1.0 M primer 1A (5Ј-AGA ATT CCA TAT GAA TCT CAC GTA CGC-3Ј) and primer 2A (5Ј-AAA GAT CTC GAC GCG ACT GCC GCG C-3Ј) for glmA amplification and primer 1B (5Ј-AAG GAT CCG  TGA CCG CCG CGG CGC CCT TC-3Ј) and primer 2B (5Ј-AAT AAG CTT  TCA TGG TGC TCC TTC GTC GTA-3Ј) for glmB amplification (the sequences of the restriction sites used for cloning are underlined), 10 l of 10ϫ reaction buffer (containing 20 mM MgCl 2 ), 5% DMSO, 0.2 mM deoxynucleoside triphosphates, and 1 l of Pwo polymerase (Roche). After denaturation (5 Heterologous expression of glmA and glmB. Luria-Bertani medium (50 ml) with 150 g of ampicillin per ml in a 100-ml Erlenmeyer flask was inoculated with 0.5 ml of an overnight culture of E. coli XL1 Blue(pEHGA2) and incubated at 37°C and 180 rpm until an optical density at 600 nm of 0.3 was attained. Synthesis of GlmA (the glmA gene was cloned downstream of rhamnose-inducible promoter rhaP of pJOE2775cat) was induced by the addition of 0.2% rhamnose, and the culture was allowed to grow for 5 h. The cells were then harvested by centrifugation at 5,000 ϫ g and 4°C for 10 min. For purification under denaturing conditions, the cells were resuspended and incubated in buffer B (1 h at room temperature) (Ni-NTA Spin kit; Qiagen). For purification under native conditions, the cells were resuspended in lysis buffer (Ni-NTA Spin kit; Qiagen) and were broken twice with a French press (10,000 lb/in 2 ). The insoluble protein fraction was harvested by centrifugation at 13,000 ϫ g for 30 min.
In both cases, soluble proteins were purified with Ni-NTA Spin Columns (Qiagen) according to the protocol of the manufacturer. Expression of glmB and large-scale purification of the His-tagged protein were performed by affinity chromatography by a protocol described by Heinzelmann et al. (15) .
Assembly of glmBA by recombinant PCR. The 5Ј terminus of glmA was genetically fused to the 3Ј terminus of glmB via a sequence encoding an 11-amino-acid (Gly-Gln) 5 -Gly linker segment, as described by Chen and Marsh (11) . For this, four oligonucleotides were designed: oligo AL1 [5Ј-(GGACAA) 5 GGAAATCT CACGTACGCCATTCCGGGC-3Ј], oligo A2 (5Ј-AAGCTTTCACGCGACTC GGGCGCT-3Ј), oligo B1 (5Ј-AGTGGCACATCGTGCTCTACGGCGTACA-3Ј), and oligo BL2 [5Ј-(TCCTTG) 5 TCCTGGTGCTCCTTCGTCGTACCG-3Ј]. Oligo A2 primes from the 3Ј terminus of glmA (including the stop codon), and it also carries the sequence of an additional HindIII site; oligo AL1 and oligo BL2 were designed to introduce the linker segment at the 3Ј terminus of glmB and the 5Ј terminus of glmA, respectively; and oligo B1 primes toward the 3Ј terminus of glmB upstream of an internal MluI site. A 572-bp DNA fragment of the 3Ј region of glmB was amplified with 1 M oligo B1 and oligo BL2 as the primers and 0.5 g of plasmid pOP7 as the template, 10 l of 10ϫ reaction buffer (containing 30 mM MgSO 4 ), 5% DMSO, 0.2 mM deoxynucleoside triphosphates, and 1 l of Pwo polymerase (Roche). After denaturation (5 min at 95°C), 30 cycles of amplification (1 min at 94°C, 1.5 min at 70°C, and 2 min at 72°C) were performed. The PCR product was designated glmB*.
To amplify glmA, 1 M each oligo AL1 and oligo A2 were used in the same reaction mixture and by use of the PCR protocol described above for glmB*, but with an annealing temperature of 64°C. The resulting 476-bp glmA fragment was designated glmA*.
In a third PCR, glmA* and glmB* were assembled by using 1 M each oligo A2 and oligo B1 as primers, 5% DMSO, 10 l of 10ϫ reaction buffer for herculase, and 1 l of herculase (Stratagene, La Jolla, Calif.). A 1,010-bp fusion fragment (glmBA*) was generated by using the same PCR protocol described above for the amplification of glmB*. glmBA* was separated by gel electrophoresis and isolated by gel elution. Plasmid pEHGB2 and glmBA* were both restricted with MluI and HindIII, and a 521-bp glmB fragment was exchanged for the 1,010-bp glmBA* fragment, resulting in pEHG*2. Cloning of pEHG*2 as a HindIII fragment in pGM9 resulted in the Streptomyces-E. coli shuttle vector pEHG*3.
Purification of the His-tagged protein.
The purification of the His-tagged proteins from S. lividans T7, which possesses a thiostrepton-inducible T7 RNA polymerase gene (J. Altenbuchner, personal communication), was performed by a procedure described by Heinzelmann et al. (15) .
Determination of glutamate mutase activity. A coupled enzyme assay described by Barker et al. (4) was used to assay for glutamate mutase activity spectroscopically. This test is based on the glutamate mutase-catalyzed formation of L-threo-␤-methyl aspartic acid. In a second enzyme reaction that is catalyzed by methylaspartase from Clostridium tetanomorphum (kindly provided by W. Buckel), methylaspartate is converted to mesaconate. The formation of mesaconate is linked to the increase in the extinction coefficient at 240 nm. Because it was shown that the glutamate mutase from A. friuliensis is not active in the recommended buffer (50 mM Tris-HCl [pH 8.3], 10 mM KCl, 1 mM MgCl 2 ), the reaction buffer had to be modified (buffer 2 consisted of 37.5 mM Tris-HCl, 15 mM KCl, 1.25 mM MgCl 2 , 12.5 mM KH 2 PO 4 , 0.0125% ␤-mercaptoethanol, 0.25 mM dithiothreitol).
Nucleotide sequence accession numbers. The nucleotide sequence data for the friulimicin biosynthetic genes reported here have been assigned EMBL accession no. AJ488769. The genes used for construction of the alignments and of the phylogenetic tree are deposited in GenBank under accession numbers AF008569, U67612, AJ246005, AJ250581, AP002553, X80997.
RESULTS
Development of a host-vector system for A. friuliensis. As a prerequisite for molecular genetic experiments with A. friulienesis, it was necessary to develop a host-vector system. To identify selectable markers for the introduction of DNA into A. friuliensis, we first determined the susceptibility of A. friuliensis to different antibiotics at concentrations normally used for streptomycetes. A. friuliensis was resistant to thiostrepton (25 g/ml), streptomycin (50 g/ml), and spectinomycin (50 g/ ml) but was sensitive to gentamicin (25 g/ml), erythromycin (50 g/ml), kanamycin (50 g/ml), neomycin (10 g/ml), hygromycin (50 g/ml), and apramycin (50 g/ml). In subsequent transformation experiments, apramycin was used as the most convenient antibiotic.
Because no DNA-uptake system has been described for Actinoplanes spp., we first tested standard streptomycete transformation methods like electroporation (38) and PEG-mediated transformation (22) . In these experiments, replicative derivatives of the Streptomyces vectors pIJ101 (21), SCP2 (47) , and pSG5 (30) and Amycolatopsis plasmids such as pMEA derivatives (59), as well as nonreplicative plasmids carrying a chromosomal fragment of A. friuliensis, were used. In order to achieve transformation, the following parameters were varied: the regeneration medium (yeast-malt medium, R2YE medium, MS medium [22] ), the brand of PEG (PEG 1000, 1500, and 4000 from Serva [Heidelberg, Germany] and Koch & Light [Haverhill, England]), the PEG concentration (20 to 35%), growth conditions, and the DNA preparation (from S. lividans and methylase-negative E. coli strain ET12567) (25) . Despite these efforts, no Actinoplanes recombinants were obtained.
An alternative method of DNA uptake, intergeneric conjugation between E. coli and Streptomyces and other actinomycetes, has been described by Mazodier et al. (28) and Wohlleben and Pielsticker (61) ; and this method can be adapted for many other actinomycetes (14, 27, 57) . To increase the conjugation efficiency, methylase-negative E. coli strain ET12567 carrying the transfer genes of plasmid RP4 on plasmid pUB307 (14) was used. In our experiments, fragments of friulimicin biosynthetic genes were subcloned in pDS401 (Table 1) , and the strain was transformed with the resulting plasmids. By variation of the incubation times and the regeneration media, an optimized protocol (described in Material and Methods) was developed. The frequency of transconjugant formation per recipient strain was determined to be 10 Ϫ6 to 10 Ϫ7 . Identification of putative peptide synthetase genes involved in friulimicin biosynthesis. In order to identify the peptide synthetase genes that are involved in the nonribosomal synthesis of friulimicin, a PCR approach was performed with primers that were derived from conserved core motifs of peptide synthetases (26) . Several internal peptide synthetase gene fragments were found by these experiments. By subsequent screening of a cosmid library from A. friuliensis, the cosmids carrying peptide synthetase genes were identified. By comparison of the restriction patterns obtained with different restriction enzymes, the cosmids could be arranged into two different groups (group 1, six overlapping cosmids; group 2, one cosmid), indicating that A. friuliensis contains at least two different biosynthetic gene clusters of compounds synthesized by nonribosomal peptide synthesis.
Identification of a glutamate mutase gene. The peptide core of friulimicin contains the unusual amino acid methylaspartate, which is known to be synthesized by glutamate mutases in the mesaconate pathway of glutamate fermentation in Clostridium spp. (7) and members of the family Enterobacteriaceae (19) . Therefore, we intended to identify the friulimicin biosynthetic gene cluster by screening further for putative glutamate mutase genes using the cosmids carrying peptide synthetase genes. In a first approach, PCR experiments were performed with primers that were derived from conserved regions of the Clostridium enzymes (primer 1, amino acid positions 172 to 179 of the MutE protein from C. cochlearium; primer 2, amino acid positions 415 to 422 of the MutE protein from C. cochlearium). With both chromosomal DNA of A. friuliensis and DNA of the cosmids, no amplification was observed (data not shown). Therefore, a second approach was carried out by Southern hybridization experiments with the glutamate mutase-like genes nikU-nikV from S. tendae as a probe (kindly provided by C. Bormann). With a 1.6-kb BamHI-StyI fragment of pCH93 carrying the corresponding genes, cosmid clones of both groups (see above) were screened. Whereas all cosmids of group 1 showed no signal, a 4.9-kb BamHI DNA fragment of the cosmid clone of group 2 (named 18 M80) was found to hybridize. In further subcloning and hybridization experiments, a 1.4-kb BamHI-SacI fragment and a 1.9-kb SacI fragment carrying putative glutamate mutase genes were identified (data not shown).
Characterization of glutamate mutase genes glmA and glmB. By sequence analysis of the hybridizing fragments, two complete open reading frames (glmA and glmB) encoding proteins of 145 and 415 amino acids were identified. The deduced GlmA and GlmB proteins showed similarities to the subunits of glutamate mutase complex from C. cochlearium, GlmS and GlmE (for GlmA, 17% identity to GlmS; for GlmB, 21% identity to GlmE). GlmA and GlmB were found to have the highest degrees of similarity to the NikU and NikV proteins from S. tendae, with identities of 50 and 52%, respectively. Conserved residues were identified in the deduced amino acid sequence of GlmA. These residues are known to be involved in the binding of cofactor B 12 (Fig. 3) (54) . The 3Ј-terminal end of glmA and the 5Ј-terminal end of glmB overlap by 4 bp, indicating that both genes probably form a single transcrip- 
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on February 21, 2013 by PENN STATE UNIV http://aac.asm.org/ tional unit. Thus, this potential translational coupling, which is characteristic of many bacterial genes whose products are required in equimolar quantities (34) , suggests a possible connection between the functions of the products of these two open reading frames. Partial characterization of the friulimicin biosynthetic gene cluster. In further experiments, adjacent DNA fragments of glmA-glmB were subcloned, and a DNA sequence of approximately 9.2 kb was determined (Fig. 4A) . Two open reading frames of 837 bp (expA) and 903 bp (regB) were found downstream of glmB. These open reading frames are transcribed in the same direction as the glutamate mutase genes. The deduced expA gene product showed similarity to the ATP binding component of ABC transporters (e.g., 41% identity to an ABC transporter component from Streptomyces griseus [9] ) ( Table  2 ). The deduced RegB protein is similar to antibiotic biosynthesis regulatory proteins like syrP of the syringomycin biosynthesis from Pseudomonas syringae (51% identity) (62) . Next to regB, the complete genes orf7 (906 bp) and pstA (3,186 bp) and the incomplete gene orfCЈ were identified downstream of regB. Whereas Orf7 and OrfCЈ are similar only to hypothetical proteins of unknown function from Rhizobium sp. strain NGR234 and Mesorhizobium loti, the pstA gene product shows a structure typical of that of a peptide synthetase involved in the nonribosomal synthesis of peptides. The highest similarity was found to the pyoverdine synthetase B from Pseudomonas fluorescens (36% identity). Since PstA lacks a C-terminal condensation domain, it can be speculated that PstA activates the first amino acid (asparagine or aspartic acid) of the peptide antibiotic. By comparing the sequence of the amino acid residues within the substrate binding pocket of the adenylation domain with the specificity-conferring code (as described elsewhere [10, 50] ), it was not possible to predict a significant specificity of the deduced PstA protein for asparagine or aspartate or for any other amino acid.
The incomplete gene lipA was identified upstream of glmA in the direction opposite that of the characterized glmA-glmB region,. The deduced LipA gene product is similar to acyl-CoA synthases from different microorganisms. It can be speculated, that the gene is involved in the synthesis and linkage of the fatty acid part of the antibiotic.
Gene disruption mutagenesis of the glutamate mutase gene. In order to prove the involvement of the glutamate mutase genes in friulimicin biosynthesis, gene disruption mutagenesis was performed. A 1.3-kb HincII fragment of the glmA-glmB region (Fig. 4A ) was subcloned into pDS401, resulting in plasmid pMOGM. By using the host-vector system described above, the glutamate mutase genes were inactivated by integration of the plasmid via homologous recombination of the cloned fragment and the chromosomal copy to generate mutant strain GM18 (Fig. 4B) . The correct integration was proved by Southern hybridization (Fig. 4C) . Whereas mutant GM18 produced remarkably less friulimicin than the wild type did (the level of production was approximately 40% of that by the wild type), inactivation of the peptide synthetase gene pstA led to the complete loss of friulimicin production (data not shown), indicating that the characterized region represents a part of the friulimicin biosynthetic gene cluster. Heterologous expression of glmA and glmB in E. coli and S. lividans. To verify the assumed glutamate mutase activity, we intended to express glmA and glmB in E. coli heterologously. DNA fragments containing the glmA or the glmB gene were generated by PCR with NdeI-BglII or BamHI-HindIII restriction sites at their 3Ј-and 5Ј-terminal ends, respectively. Since the cofactor B 12 -binding site is located at the N-terminal end of glmA (Fig. 3) , it is more likely that a His tag at the C-terminal end would have no negative effect on the enzyme activity. Therefore, glmA was cloned as a NdeI-BglII fragment in expression plasmid pJOE2775cat (15, 58) under the control of the rhamnose-inducible promoter rhaP (and by using of the ribosome binding site of vector pRSETB). The resulting plasmid was called pEHGA2 (Table 1) .
In contrast, the glmB gene was cloned as a BamHI-HindIII fragment in BglII-HindIII-digested pRSETB, resulting in plasmid pEHGB2 (Table 1) . Expression of the gene was under the control of the T7 promoter and resulted in the production of a GlmB protein with an N-terminal His tag (HisglmB).
Whereas it was not possible to express hisglmB in E. coli, HisglmA was produced in only an insoluble and inactive form (Fig. 5B) . Modifications of the induction conditions and an approach that used renaturation by use of an urea gradient did not result in a soluble GlmA protein (data not shown). Similar problems were also reported for the expression of other Streptomyces genes, e.g., the chloroperoxidase gene from S. lividans (3), the peptide synthetase gene snbC from Streptomyces pristinaspiralis (13) , and the aconitase-like gene pmi from Streptomyces viridochromogenes (15) , which failed or resulted in inactive proteins in E. coli. Therefore, we proceeded to express both His-tagged genes in S. lividans T7 ( Table 1 ). The hisglmA gene was cloned as an NdeI-HindIII fragment of pEHGA2 9 bp downstream of a conserved ribosome binding site in pRSETB, resulting in plasmid pEHGA3. Then, plasmids pEHGA3 and pEHGB2, carrying hisglmA and hisglmB under the control of the T7 promoter, were cloned as HindIII fragments into vector pGM9, resulting in the Streptomyces and E. coli shuttle plasmids pEHGA4 and pEHGB3, respectively (Table 1) . S. lividans T7 was transformed with these plasmids, and after induction with thiostrepton, the production of HisglmA and HisglmB was investigated by an SDS-polyacrylamide gel electrophoresis (PAGE). While it was possible to purify HisglmB by metal chelate affinity chromatography with Ni-NTA resin (Fig. 5A) , the production of HisglmA was not detectable under either native or denaturing conditions. Fusion of glmA and glmB by recombinant PCR. To overcome the problems with the glmA and glmB expression in S. lividans and E. coli, we intended to fuse both genes in order to increase the solubility and stability of the proteins produced. Fusion of the glutamate mutase subunits of C. tetanomorphum was successfully carried out in experiments previously described by Chen and Marsh (11) , and this fusion resulted in an active form of the protein. The linkage of glmA and glmB was carried out via recombinant PCR, as described in Materials and Methods. The resulting expression plasmid was named pEHG*3. After transformation of S. lividans T7 with this plasmid and after induction with thiostrepton, overproduction of HisglmBA with a molecular mass of approximately 68 kDa was detected in crude cell extracts (Fig. 5C ). During the purification of the corresponding protein by affinity chromatography under native conditions, four fractions (fractions 60, 61, 62, and 63) containing the HisglmBA protein were found. Enzyme activity was detectable by the spectroscopic glutamate mutase assay (Fig. 6) , and specific enzyme activities between 0.3 U/mg (fraction 60) and 1.2 U/mg (fraction 62) were calculated within the protein-containing fractions. By a control approach [S. lividans T7(pEHK)], no glutamate mutase activity was detectable in the corresponding fractions (Fig. 6) .
Together with the results of the genetic experiments described above, the biochemical characterization of the heterologously produced protein verifies the assumed function of GlmA-GlmB as a glutamate mutase involved in providing the unusual amino acid methylaspartate in friulimicin biosynthesis.
DISCUSSION
Several interesting metabolites are synthesized by members of the biotechnologically important genera Actinoplanes: Actinoplanes teichomyceticus and Actinoplanes sp. strain ATCC 33076 produce the antibiotics teicoplanin (49) and ramoplanin (35) , respectively; and Actinoplanes sp. strain SE50/110 (U.S. patent 4,062,950; Bayer AG, February 1976) secretes the ␣-glucosidase inhibitor acarbose. Despite several efforts, up to now neither a host-vector system nor methods for DNA uptake have been developed for any Actinoplanes spp.
The A. friuliensis protocol described in this paper used the principle of intergeneric conjugation between E. coli and grampositive bacteria, which has successfully been used for the genetic manipulation of streptomycetes and related bacteria (32) . The conjugation efficiency of 10 Ϫ6 to 10 Ϫ7 for A. friuliensis is comparable to the values reported for the use of integrative plasmids in conjugation experiments with streptomycetes (14) . Interestingly, it seems to be possible to adapt the A. friuliensis protocol to other Actinoplanes strains. After slight modifications, it was possible to introduce a targeted mutation in an acarbose biosynthetic gene of Actinoplanes sp. strain SE50/110 by a gene disruption experiment (E. Heinzelmann, unpublished data).
The usefulness of the protocol was proved by the generation of friulimicin biosynthetic mutants. Whereas the peptide syn- FIG. 6 . Determination of the glutamate mutase activity of GlmBA. The GlmBA-containing fractions (fractions 60, 61, 62, and 63) from the protein purification were examined for glutamate mutase activity, as described in Material and Methods. The formation of mesaconate is linked to an increase in the extinction coefficient at 240 nm. In a corresponding fraction of a control approach (S. lividans T7 carrying only the expression plasmid pEHK), no activity was found (control). OD 240 , optical density at 240 nm. Such reduced specificity leading to side products was described for several peptide synthetases, e.g., the cylosporin synthetase from Tolypocladium niveum (Weber et al., 1994) . The small inhibition zone can then easily be explained by a combination of diminished lipopeptide production and reduced antibiotic activity, which has been determined for friulimicin derivatives harboring aspartic acid instead of methylaspartic acid (Vértesy, personal communication) .
The occurrence of nonproteinogenic amino acids in nonribosomally synthesized peptides has been documented in many cases (23) . Whereas the proteinogenic amino acids are derived from primary metabolism, the biosynthesis of the nonproteinogenic amino acids is part of secondary metabolism. Therefore, the genes encoding the enzymes required for the synthesis of those amino acids are often located in the antibiotic biosynthetic clusters, as reported for dihydroxyphenylglycine (balhimycin biosynthesis) (37), L-pipecolate (rapamycin biosynthesis) (20) , and phosphinothricin (phosphinothricin tripeptide biosynthesis) (15, 48) . In contrast to the examples mentioned above, which are typically found in secondary metabolites, methylaspartic acid represents a well-known intermediate within the glutamate fermentation of the strictly or facultatively anaerobically growing Clostridium spp. or members of the family Enterobacteriaceae, respectively. The enzymes and genes involved in this process have been well characterized and resemble those of the friulimicin gene cluster. The presence of secondary metabolite-specific glutamate mutase genes which are similar to related primary metabolic genes raises the question about the origins of genes involved in the secondary metabolic pathway. The enzyme recruitment model for evolution of metabolic pathways (18) suggests that enzymes which are somewhat loose in their substrate specificity could initially function in multiple pathways and later evolve into two separate, more specific enzymes. In Streptomyces, the occurrence of secondary metabolism genes that have a similar counterpart in primary metabolism has been described for various proteins such as the acyl carrier protein in actinorhodin and fatty acid biosynthesis in Streptomyces coelicolor (42) or the aconitase-like protein Pmi in Streptomyces viridochromogens (15) . Unlike these examples, it seems unlikely that a glutamate mutase involved in primary metabolism is found in actinomycetes. So far, no biochemical evidence for glutamate fermentation has been described for these aerobically growing microorganisms. In addition, no glutamate mutase-like genes were found in the DNA sequence of the S. coelicolor genome (5). The sequence of the A. friuliensis genome is not known, but hybridization with nikU-nikV or glmA-glmB as the probe and chromosomal DNA as the template clearly indicated the presence of only the glutamate mutase genes glmA and glmB in this organism. This excludes the possibility that the friulimicinspecific glutamate mutase genes were derived from a gene duplication in the producing organism. Other cofactor B 12 dependent mutases such as isobutyryl coenzyme A mutase (41) and methylmalonyl coenzyme A mutase (63) have been described in Streptomyces strains. These primary metabolic enzymes show structural and functional similarities to glutamate mutases. Whereas isobutyryl coenzyme A mutase consists of two subunits, the methylmalonyl coenzyme A mutase represents one protein that comprises two fused subunits. The amino acid sequences of the subunits or domains, respectively, show only a low level of similarity to the primary structure of the GlmA and GlmB proteins. For example, the cofactor B 12 -binding protein IcmB from Streptomyces cinnamonensis shows an identity of 16% to the deduced GlmA protein from A. friuliensis. Despite the limited homology to glutamate mutases (and assuming that the isobutyryl coenzyme A mutase and methylmalonyl coenzyme A mutase genes are present in A. friuliensis), it cannot be excluded that the secondary metabolism-specific GlmA and GlmB proteins have been developed from these enzymes during evolution. As an alternative to a gene duplication event, the glmA and glmB genes may have originated from a horizontal gene transfer between actinomycetes and Clostridium spp. or members of the family Enterobacteriaceae. However, DNA characteristics such as the GϩC content or codon usage provide no evidence for such an event.
Comparison of the large subunits of glutamate mutases and related enzymes (Fig. 7) yielded the highest degree of similarity for GlmB to the NikV protein from S. tendae. Similar results were also detected by comparison of the small subunits (Fig. 3) . These in silico findings were strengthened by a genetic complementation experiment with an S. tendae NikV mutant (NV1) (24) as the recipient. Introduction of glmA and glmB under the control of the constitutive PermE promoter into mutant NV1 restored production of the antibiotic nikkomycin, although at a reduced level compared to that in the wild type (Heinzelmann, unpublished 
